Background: Exposure to household air pollution (HAP) has been linked to systemic inflammation. We determined the impact of transition from traditional firewood/kerosene stove to bioethanol-burning stove on inflammatory biomarkers in pregnant Nigerian women. Methods: Women (n = 324), cooking with kerosene/firewood, were recruited during their first trimester of pregnancy from June 2013-October 2015 and were randomly allocated to either control (n = 162) or intervention (n = 162) group using web-based randomization. Controls continued to use their own firewood/kerosene stove, while intervention participants received bioethanol CleanCook stoves. Serum concentrations of retinolbinding protein (RBP), malondialdehyde (MDA), tumor necrosis factor alpha (TNF)-α, interleukin (IL)-6, and IL-8 were measured by ELISA. Results: After excluding 53 women (loss of follow-up, untimely biomarker assessments, incorrect dates of enrollment), data from 271 women were included in analysis. Mean (SD) change in RBP, MDA, TNF-α, IL-6, and IL-8 between baseline and third trimester was −2.16 (4.47), −19.6 (46.4), 3.72 (37.2), 0.51 (14.4), and 13.2 (197), respectively, in intervention and −2.25 (4.30), −24.6 (43.6), 7.17 (32.6), −1.79, (11.4), and 31.3 (296) in control groups. None of these changes differed significantly between the two treatment arms. However, changes from baseline in TNF-α levels were significantly different between intervention and control groups in subset of women (n = 99) using firewood before trial (− 7.03 [32.9] vs. +12.4 [33.6]; 95% CI for group difference: −35.4 to −3.4, p = 0.018). Conclusions: Decrease in TNF-α concentration from baseline to third trimesters in intervention group women could indicate reduced cardiovascular stress and prothrombotic effects from decreased HAP. Our findings suggest that ethanol-burning stoves may mitigate cardiovascular health risks.
Introduction
Nearly 3 billion people worldwide use biomass and coal for cooking and heating purposes (Organization WH, 2014) . The use of poorly vented traditional and biomass stoves results in household air pollution (HAP) in many low-and middle-income countries (LMICs). HAP, the eighth leading contributor to overall global disease burden, is responsible for 2.9 million deaths annually and 85·6 million DALYs (Forouzanfar et al., 2015) . Premature mortality related to air pollution in urban settings is projected to reach about 65% by 2050 (Lelieveld et al., 2015) .
HAP threatens lives of the world's most vulnerable populations and contributes to environmental degradation (Brook et al., 2010) . In some developing countries, particulate matter (PM) and carbon monoxide levels from incomplete combustion of biomass fuels for cooking are 20-100 times above World Health Organization (WHO) guideline limits and national standards (Burroughs Pena et al., 2015; Oluwole et al., 2013a) . In Sub-Saharan Africa (SSA), biomass fuels are the primary Environment International xxx (2016) xxx-xxx source of energy used for cooking for 753 million people, which accounts for 80% of its population (IEA, 2015) . In Nigeria, about 122 million people use biomass fuels for household energy needs (IEA, 2015) . No other region in the world has such a large population relying on biomass fuels for cooking and household energy needs. Eighty percent of cardiovascular deaths worldwide occur in SSA and other LMICs (Organization WH, 2013) . Nigeria is among 15 countries that account for most of the premature mortality linked to air pollution with 89 deaths per 100,000 (Lelieveld et al., 2015) .
The greatest exposure burden to HAP in Nigeria is among women and children, as they typically assume the bulk of household cooking duties, and this can result in a multitude of detrimental health effects including respiratory, cardiovascular, and ocular damage, and increased susceptibility to infectious illnesses such as tuberculosis (Oluwole et al., 2013a; Pekkanen et al., 2002) . However, these adverse health effects have not been studied in an integrated and scientifically rigorous manner.
Exposure to air pollution, especially PM 2.5 , can trigger oxidative stress and systemic inflammation directly from pulmonary oxidative stress through inhalation of toxic pollutants (Brook et al., 2010) . Hence, even though systemic inflammation is not generally associated with pregnancy in seemingly healthy women (Vitoratos et al., 2010) , this process may be triggered by HAP exposure. Relative to the use of LPG stoves, regular cooking with biomass aggravates systemic inflammation and oxidative stress that may increase the risk of cardiovascular disease (CVD) (Dutta et al., 2012) . Similar conditions in pregnant women could predispose them to increased CVD risk, a major cause of adverse pregnancy outcomes and maternal mortality (Moghbeli et al., 2008) . Particulate matter has previously been found to induce interleukin-6 (IL-6), interleukin-8 (IL-8) and tumor necrosis factor (TNF)-alpha production (Delfino et al., 2009; Osornio-Vargas et al., 2003) . Malondialdehyde (MDA), an indicator of oxidative stress, was also found to be elevated in rural populations exposed to HAP (Isik et al., 2005) . HAP from burning of biomass fuel can be markedly reduced by clean cook stove interventions (Thomas et al., 2015) , but residual levels of pollutants can remain high and can still pose significant health risks to household inhabitants (Oluwole et al., 2013a) .
Clean cookstoves and fuels (i.e. high-efficiency and low emission) have been offered as a potential tool to reduce HAP exposure, improve health outcomes, and decrease greenhouse gas emissions and deforestation (Hanna et al., 2012) . Though association between HAP and risk of developing CVD is well established, there are few studies that have investigated the effect of HAP intervention (viz., clean cook stoves) on attenuation of short and long-term CVD risks (Clark et al., 2013; McCracken et al., 2011) . Prior studies have reported improved lung function (Heinzerling et al., 2016) , decreased frequency of respiratory (e.g. cough, phlegm, wheeze, chest tightness), non-respiratory (e.g. eye discomfort, headache, backache) (Diaz et al., 2008) symptoms in intervention groups using improved cook stoves (Accinelli et al., 2014 We assessed the impact of transition from traditional wood or kerosene stove to a bioethanol-burning stove to determine if it could reduce inflammatory biomarkers and oxidative stress in pregnant women in Nigeria. To the best of our knowledge, this is the first study to investigate potential health benefits of cookstove intervention involving liquid fuels in pregnant women. We hypothesized that an ethanol cookstove intervention in a cohort of pregnant Nigerian women will produce a significant decrease in inflammatory biomarkers, which may reduce the risk of developing CVDs.
Methods

Study design
A randomized controlled trial (RCT) was conducted in Ibadan, Nigeria from June 2013-October 2015. Pregnant women were screened for eligibility and recruited at the time of their presentation at one of four participating primary health centers (PHCs): Agbongbon, Oranyan, Olorishaoko and Ijaye. The Institutional Review Board of the University of Chicago and the University of Ibadan approved the study protocol, which was registered at ClinicalTrials.gov: NCT02394574.
Primary outcome variables were pregnancy outcomes and are reported separately (manuscript in preparation). Exposure measurements, serum biomarkers assessment, blood pressure recordings, spirometry measurements, maternal symptoms, and fetal growth parameters were secondary.
Participants
Eligibility criteria for 324 women enrolled in this study included: i. apparently healthy women, ii. non-smokers, non-chewers of tobacco, iii. cooked regularly with firewood/kerosene, iv. b18 weeks gestational age as determined by self-reported first day of last known menstrual period (LMP) and confirmed by ultrasound biometry. Exclusion criteria included: i. smoker, ii. lived with smoker, iii. cooked for living, iv. HIVpositive, v. high-risk pregnancy (multiple gestations, uncontrolled maternal hypertension, maternal age N 35 for first delivery, three/more prior miscarriages, or a prior C-section). Written consent was obtained from participants at recruitment.
Randomization
Participants were randomized to ethanol or control cook stove group using randomization module in REDCap (Harris et al., 2009 ). Randomization was stratified by parity (≤ 4 vs. N4 children) and presence/absence of diabetes using method of permuted blocks (Matts and Lachin, 1988) and MT64 random number generator in STATA (College Station, TX). The study biostatistician (the only person with access to the lists) prepared the randomization lists in advance. A study personnel logged into REDCap to obtain assigned intervention, once a participant was deemed eligible and had consented to participate in the trial. Among 324 participants, 162 were randomly assigned to control arm and 162 to ethanol arm. Women assigned to control group continued to cook exclusively with the stove they were using at entry; i.e., firewood (n = 58) or kerosene (n = 104). Women randomized to ethanol group received CleanCook ethanol stove (CLEANCOOK Sweden AB), comprehensive training on operation of stove and supplies of ethanol every 2 weeks until 6 weeks after delivery. Additionally, field workers observed each woman refill, light and use the stove for the first time. Fifty-one of intervention group women had been firewood-users at time of entry into trial, while 111 were kerosene-users. Control group undertook an education awareness program on dangers of smoke exposure and were encouraged to reduce their exposure to smoke through behavioral and environmental modification.
Personal interviews
Information was collected on socio-demographics (age, education, habits, family, occupation of the participants, average family income, cooking hours per day, cooking-years, types of fuel used for cooking, home kitchen design, especially the presence or lack of windows), past medical history, dietary details, occupation of the spouse and exposure to environmental tobacco smoke (ETS). Data were collected through face-to-face interview with structured survey questionnaire in local language (Yoruba). A. Baseline distributions.
B. Baseline distributions-log scale. 
Monitoring stove use
All stoves in each household (including traditional firewood, kerosene and ethanol) were installed with a stove use monitoring system (SUMs). The SUMs is a small temperature data-logging sensor, first used by Ruiz et al. to monitors when stoves are is use (Ruiz-Mercado et al., 2013) . The SUMs were placed 10 cm from the center of the kerosene cookstove burner and 14 cm directly in between the double burner of the CleanCook stove. These distances were determined pre-trial by defining an optimum length away from the stove burner that provided sufficient resolution of temperature fluctuation while not causing the SUMs to overheat and rupture. The temperature of the stoves were logged approximately every 10 min for the entire pregnancy period and the resulting data was compiled to determine when and how much the stove was used using an algorithm based on the amount of time the stove was above a threshold temperature. The SUMs recorded temperatures to the nearest 0.5°C and were programmed to monitor either every three, ten or thirteen minutes based on the length of time between field visits. All data management and statistical analysis was conducted in RStudio version 0.98.507 (Northcross et al., 2016) .
Personal monitoring of PM 2.5
Particulate matter with aerodynamic diameter b 2.5 μm (PM 2.5 ) was measured using RTI MicroPEM (PEM) for three consecutive days (72 h) during second and third trimesters. The exposure duration was based on a study from Guatemala that measured daily exposures for a year and showed that 72 h monitoring reflects 3 months exposure (Alnes, 2011) . The MicroPEM is a new monitor developed and evaluated for use in settings with high concentrations of PM 2.5 . Each woman in the study carried the MicroPEM in a small, culturally appropriate bag placed near the breathing zone. An internal accelerometer that was analyzed with the RTI software was used as a quality control check to ensure the monitor was worn. The accelerometer is sensitive enough to detect breathing movement even if the woman was sitting still. The following exposure indices adjusted for filter concentration; 72-h mean PM2.5 levels and the number of minutes spent with PM2.5 above 100 μg/m 3 during the 72-h period were recorded.
Statistical analysis
Out of 324 individuals, 215 were baseline kerosene-users randomized to ethanol (denoted KE: n = 111) or kerosene (KK: n = 104) and 109 were baseline firewood-users randomized to ethanol (FE: n = 51) or firewood (FF: n = 58). Three sets of analyses were, therefore, performed. First set compared Ethanol (E = KE + FE) vs. Control (C = KK + FF) groups. Second set compared ethanol vs. kerosene among subgroup of kerosene-users at baseline (i.e., KE vs. KK), and third ethanol vs. firewood among firewood-users at baseline (FE vs. FF). Biomarker levels were obtained at baseline and post-intervention (third trimester). Average interval between baseline and post-randomization time points was 145 days (range 54-187 days). Two-sample ttests comparing changes from baseline between groups and analysis of covariance (ANCOVA), with post-randomization value as dependent variable and intervention group and pre-treatment biomarker level as predictor variables, were performed. Histograms of baseline biomarker levels indicated that the distributions for all five markers were positively skewed. Therefore, data were log-transformed prior to analysis. For ease of interpretation, however, mean changes are presented on original scale, while p-values correspond to tests based on log-transformed data. Scatterplots and Spearman rank correlation coefficients were generated to examine association between inflammatory biomarker levels and systolic and diastolic blood pressure.
Relationship between biomarker values obtained during third trimester with PM2.5 exposure levels measured during second trimester was examined. Multiple linear regression models were fit, which included exposure level as a continuous predictor and an indicator variable for whether exposure measurement was obtained during rainy or dry season, as pollution levels differed noticeably between the two seasons. As noted above, two summary measures derived for each participant during her three-day measurement period were used: average exposure level adjusted for filter concentration and number of minutes that the concentration of PM2.5 exceeded 100 μg/m 3 . Both of these variables were highly skewed, and therefore, log and square root transformation were applied, respectively. Analyses were conducted using SAS, version 9.4 (SAS Institute Inc., Cary, NC) and Stata, version 14 (College Station, TX).
Results
Trial Profile is shown in Fig. 1 . Participants whose baseline blood draw was obtained N60 days prior to randomization, those who dropped out of the study, and those in whom a post-intervention blood draw was not collected were excluded. More patients in control arm (N = 19) did not submit to post-intervention blood draw than in ethanol group (N = 3). Table 1 shows baseline clinical and demographic variables by intervention arm, stratified according to baseline stove type. Overall, very few participants had diabetes and majority had 2 or fewer children at time of enrollment. Mean age was about 28 years (range 14-42 years) and mean BMI approximately 24 (range 14-44). Education levels varied from none to beyond high school; majority of participants were literate. Mean gestational age at entry was 13 weeks and ranged from 7 to Table 2 Mean changes from baseline to third trimester (E vs. C).
Ethanol (E)
Control (C) 18 weeks. Randomization led to similar baseline distributions in ethanol and control arms; only (chance) imbalances were in marital status (among baseline kerosene-users) and small differences in BMI.
SUMs data showed that as many as 70% of the participants in the intervention arm adopted the CleanCook stove and gave away their kerosene stove(s) during the first 4 months of the study and used the A. Systolic blood pressure vs. log biomarker levels.
B. Diastolic blood pressure vs. log biomarker levels. CleanCook stove almost exclusively for the remainder of the study (Northcross et al., 2016) . Histograms of baseline serum biomarker levels are displayed in Fig. 2A and show considerable skewness. Log-transformed data (Fig. 2B ) more closely approximate a normal distribution. Tables 2 and 3A and 3B summarize mean changes in biomarkers from baseline to third trimester. Sample sizes reflect missing values due to failure of assay or removal of extreme outlying values. In E vs. C comparisons (Table 2) , no statistically significant findings emerged. No statistically significant group differences in KE vs. KK subgroup comparisons (Table 3A) were noticed. In ANCOVA analyses, adjusting for baseline levels, mean post-randomization MDA was estimated to be − 13.6% lower (95% CI: − 24% to − 2%) in KK group compared to KE group (p = 0.025). Comparing FE and FF groups, (Table 3B ), statistically significant difference was found for TNF-α (t-test, ANCOVA). TNF-α in FE users decreased on average by −6.20 pg/ml (SE 5.24) whereas it increased in FF users by 14.03 pg/ml (SE 5.89) (p = 0.011; t-test). Similarly, mean post-randomization TNF-α was 68% higher (95% CI: 5% to 269%) in FF group compared to FE group (p = 0.030) in ANCOVA.
Relationships between third trimester serum biomarker levels and blood pressures recorded at last visit prior to delivery are presented in Fig. 3A and B. Spearman rank correlation coefficients are summarized in Table 4 . There was little correlation between biomarkers and blood pressure. The only statistically significant association was between RBP and diastolic BP, but magnitude of the correlation was small (r = 0.135). Table 5B .)
Discussion
This is the first trial to propose use of bio-ethanol as an alternative cleaner fuel in a HAP intervention study in pregnant women. This RCT explored changes in systemic inflammation during traditional wood/ kerosene stove to bioethanol-burning CleanCook stove transition in pregnant women. Personal exposure monitoring for PM 2.5 was performed on all participating women, thus, enabling more accurate description of the association between HAP exposure and measured biomarkers. Nigeria, as an implementing national partner of the Global Alliance for Clean Cookstove, had launched Clean Cookstove Alliance for Nigeria, which was aimed at reducing adverse health effects caused by exposure to smoke from HAP. This policy change and commitment by Government provided an opportunity to investigate the health impact of use of cleaner fuel for cooking.
Measuring levels of different inflammatory biomarkers allowed a determination of reduction in systemic inflammation due to transition from traditional to ethanol stoves. Overall, no statistically significant differences between those randomized to ethanol and those randomized to control group were observed. There was, however, a beneficial effect for TNF-α among subgroup of households that used firewood prior to enrollment in trial. This suggests that shifting to cleaner fuels can reduce systemic inflammation. The importance of systemic inflammation in pathogenesis of CVD is well recognized (Ryan et al., 2009; Knol et al., 2009; Touyz and Briones, 2011) . In this study, mean post-randomization TNF-α was 68% higher in firewood-using control group compared to firewood-randomized intervention group (p = 0.030). TNF-α is an important inflammatory cytokine in the pathway leading to development of CVD. Similarly, IL-6 exhibited an increasing trend in FF users and decreased among the FE users but this change was not statistically significant. IL8 levels, though showed an increasing trend, increased at a lower rate among the KE users and the ethanol group (16.2 pg/ml) as a whole when compared with KK users (55.4 pg/ml) and the control group (26.8 pg/ml).
PM and ultrafine particles present in biomass smoke mediate oxidative stress and produce pro-inflammatory mediators that may lead to pulmonary as well as systemic inflammation (Donaldson et al., 2001; Pope et al., 2004) . PMs not only stimulate production of TNF, which in turn increases production of interleukin (IL)-6 and IL-8, which promote thrombosis (Mutlu et al., 2007) , but PMs are also involved in inducing liver to produce pro-inflammatory mediators and acute phase proteins like IL-6 and C-reactive protein (Delfino et al., 2009; Hertel et al., 2010) . Ambient exposure to PM has been shown to accelerate coagulation through an IL-6 dependent pathway (Mutlu et al., 2007) . Increased concentration of circulating pro-inflammatory cytokine TNF-α and IL-6, neutrophil chemo-attractant IL-8 and acute-phase protein CRP that might predispose them to developing CVDs has also been reported among biomass users (Dutta et al., 2012) .
Malondialdehyde (MDA), an important markers of oxidative stress, which is generated in vivo via peroxidation of polyunsaturated fatty acids (Ho et al., 2013) , is involved in promoting atherosclerosis by impairing the interaction between oxidized low-density lipoprotein and macrophages (Slatter et al., 2000) . Women exposed to HAP from burning biomass fuels have significantly high levels of MDA (Isik et al., 2005) . Decrease in MDA level related to transition from firewood to ethanol fuel was higher among FE users (−18.4 pmol/ml) compared to the FF users (−10.0 pmol/ml), but was not statistically significant.
Retinol-binding protein (RBP) is a nutritional biomarker with some anti-oxidant properties. RBP levels are generally lower among those chronically exposed to air pollution (Oluwole et al., 2013b) . Low serum RBP concentration reflects anti-oxidant deficiency and allows induction or aggravation of systemic inflammation (Reifen, 2002) . However, we did not observe any significant interval change in RBP levels as a result of the transition from traditional firewood/kerosene to the bioethanol stove.
Overall, it may be concluded that there is some potential gain in health if women are able to switch to a better fuel and stove. Examination of serial blood pressure levels of pregnant women exposed to HAP (manuscript under journal review; Alexander et al.) showed statistically significant differences in diastolic blood pressure (DBP) profiles in pregnant women between intervention and control arms (p = 0.0039). Very little correlation was observed between inflammatory markers and blood pressure in this study, which is consistent with an earlier study that reported weak and non-significant association between hypertension and serum TNF-α (OR = 1.02, 95% CI: 0.76-1.18) (Dutta et al., 2012) . Nonetheless, findings that blood pressure and TNF-α are reduced in intervention arm underscores the importance of transition to a much cleaner bioethanol-burning Cookstove.
Personal exposure monitoring of PM 2.5 for all participants provided the unique opportunity to assess individual HAP exposure and its relationship to measured biomarkers. Increases in IL-8 and TNF-α were Relatively small sample size in baseline firewood subgroup was one limitation of this study. Follow-up for a longer time period postrandomization may have provided opportunity to investigate longerterm impacts on biomarker levels. Nevertheless, this study provides the basis for undertaking larger-sized RCTs in future.
Conclusions
Several million underprivileged women are chronically exposed to HAP in LMICs and it appears to be a menace to their health (Lim et al., 2012) . Noubiap et al. (2015) made a compelling case to implement efficient strategies to educate populations on health issues associated with HAP health hazards and to build high quality data/evidence to facilitate efficient policy-making in SSA. Switching to ethanol-based stoves provides much-needed hope for a sustainable cooking alternative to unclean fuels in countries like Nigeria, where high-quality ethanol is already being produced locally for cooking. Additionally, the CleanCook stove used in this trial meets ISO performance criteria for indoor emissions that is comparable to LPG gas. In this context, the authors recommend measures to reduce HAP from unclean fuel/traditional stove use by introducing improved cook stoves that burn cleaner fuel. This study, which is important from public and global health perspectives, also supports and reiterates the need to follow WHO guidelines for indoor air quality and to craft and implement policy measures that will improve the health of vulnerable populations.
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